The hypothesis that megafauna extinction some 10,000 years ago was due to "overkill" by Paleolithic hunters is examined using an economic model of a replenishable resource. The large herding animals that became extinct, such as mammoth, bison, camel, and mastodon, presented low hunting cost and high kill value. The absence of appropriation provided incentives for the wastage killing evident in some kill sites, while the slow growth, long lives, and long maturation of large animals increased their vulnerability to extinction. Free-access hunting is compared with socially optimal hunting and used to interpret the development of conservationist ethics, and controls, in more recent primitive cultures.
Introduction
Many archaeologists and other scientists believe that the available evidence supports the hypothesis-startling to nonspecialists-that the unusual incidence of large-animal extinctions throughout the world during the late Pleistocene period was caused, to an important extent, by Paleolithic hunters. Even if true, the extinction of large animals is but one of the more dramatic examples of the very substantial impact that primitive as well as modern man has had on his "natural" environment (Heizer 1955 ). The purpose of this essay is threefold: (1) to acquaint ground sloths, camels, mastodons, horses, mammoths, shrub oxen, tapirs, and the extinct bison. Evidence of human predation is clearest in the case of mammoth and extinct bison. That Clovis fluted-point hunters killed mammoth around 1,000 years ago is hardly open to question, and sometime later, perhaps after the sudden disappearance of the mammoth, the Folsom point was developed and used to kill now-extinct bison (Haynes 1964 ). The Clovis, Folsom, and subsequent Scottsbluff point projectile technologies seem specifically designed for big-game hunting.
Although accelerated extinctions had occurred in periods earlier than the late Pleistocene, they had affected marine organisms, plants, and the smaller mammals as well as the larger mammals. Furthermore, the pattern of worldwide extinction of the larger mammals seems suspiciously to correlate with the migration chronology of man. This has led Martin (also see Sauer 1944 ) to the hypothesis that Pleistocene extinction was due to overkill by Paleolithic hunters armed with the stone-tipped spear, fire, and the communal hunting party. Martin (1967, p. 75 
) states:
Except on islands where smaller animals disappeared, extinction struck only the large terrestrial herbivores, their ecologically dependent carnivores, and their scavengers. Although it may have occurred during times of climatic change, the event is not clearly related to climatic change. One must seek another cause. Extinction closely follows the chronology of prehistoric man's spread and his development as a big-game hunter. No continents or islands are known in which accelerated extinction definitely predates man's arrival. The phenomenon of overkill alone explains the global extinction pattern.
A scenario built around this hypothesis goes as follows: For 200,000 years prior to the arrival of man, the large herbivores of North America were increasing in diversity and experienced no shrinkage of range. They evolved and survived over tens of millions of years in the presence of numerous environmental changes and predators. Several genera had emigrated over the Bering land bridge to the hospitable environment of North America. Consequently, the North America of 15,000 years ago was comparable to nineteenth-century Africa in terms of the huge, strange, "unlikely" beasts that grazed the plains and browsed the forests and brush. Then, approximately 12,000 years ago, the first Paleolithic men, ancestors of many of the present-day Indians, arrived across the exposed Bering land bridge. They were hunters, perhaps driven to wider migration by the dwindling herds of prey in Eurasia. They brought with them the culture, skill, and technology of big-game hunting-the spear, perhaps the atlatl (spear thrower), fire, and stone projectile points. At some time in this migration, they developed the Clovis fluted point-a work of craftsmanship in stone carefully adapted to the demands of killing large animals. These hunters preyed on gregarious herds of mammoth, bison, and perhaps mastodon, camels, tapirs, horses, and other animals which were easy to locate and probably showed little fear of the new predators. By 1 1,000 years ago, this efficient new predator had wiped out the mammoth and was concentrating on now-extinct species of bison. The bison may have been killed by jumps (as was common within historic times by Indians) and perhaps fire drives, and by this time the Clovis point was giving way to the Folsom projectile point. The population of Paleo-Indians expanded rapidly across North and South America, appearing at the southern tip of South America by 10,000 years ago, and, one may conjecture, lived affluently for as long as the game was plentiful. As the herds disappeared, their predators, the saber-toothed tiger, dire wolf, and hyena, became extinct. Hunting effort was directed at smaller, less vulnerable game which produced a relatively meager existence and was eventually replaced by an agricultural technology in which subsistence depended on crops of corn (and later beans and squash) supplemented with small game.
The scenario is plausible but is by no means an established fact. That man arrived about 12,000 years ago is probable, as there is no firm radiocarbon dating of any earlier evidence of man (Haynes 1967 ' This is conjecture on my part, but it seems plausible that the Bering land bridge might have acted as a filter through which only the most able hunting tribes could have and Wendorf (1962, pp. 166-67) report that the most common hunting pattern for both mammoth and bison was to stalk and kill animals while they were drinking in a pond or stream. Killing occurred by means of spears aimed at the thoracic region, although in one site, the presence of boulders suggests they were used to kill wounded mammoth. A second pattern was the stampede, probably present in three kill sites of early man. The animals (extinct bison) were driven into a stream or over a cliff, sometimes in numbers as high as several hundred. At the Olsen-Chubbuck site in Colorado, well-preserved and carefully excavated remains of bones and artifacts prove that about 8,500 years ago some 200 Bison occidentalis were stampeded into an arroyo only 5-7 feet deep. The injured animals were killed by projectile points generally of the Scottsbluff type. About 75 percent of the animals were then systematically butchered (Wheat 1967) . The killing of bison in the sixteenth to eighteenth centuries by stampeding them over carefully selected "jumps" is quite well established (Kehoe 1967; Butler 1971) .
Whether the early Americans stampeded animals by fire drives is not known, nor is it critical to the overkill hypothesis. The first account of the southwestern Indians, by Cabeza de Vaca, records that the inhabitants of what is now southwest Texas burned favorable animal ranges in order to deprive the animals of forage and force them to frequent areas where they could be more easily hunted (Covey 1961, p. 81; cited by Jelinek 1967, p. 197). Burning of this type (and there is abundant evidence for the occurrence of fires in association with man) could have been a more effective means by which man contributed to Pleistocene extinction than by the occasional fire drive. In the case of herd animals such as Bison that are easily stampeded, it is not clear that fire drives were even functional unless it was to ensure that the confused animals would not stampede in the wrong direction! That the mammoth was gone by 10,000-1 1,000 years ago is also likely, based on radiocarbon dating. That there existed a big-game hunting tradition is also clearly established by the widespread occurrence of the Clovis projectile point type. It is found from Florida to Nova Scotia, in the high plains, the Southwest, across the Midwest, and in the South. It was a large projectile, 7-15 centimeters long and 3-4 centimeters wide. Bases were concave, and a fluting or channeling extended from the base up to one-half the length of the point. They were flaked by percussion and the base edges ground down to prevent cutting of the thongs that passed. The bridge would not have been a suitable viaduct for a gatherer culture, "because no likely food sources but game existed for most of the year in the tundra areas they traversed" (Jelinek 1967, p. 195) . Hence, the early North Americans may have been the product of a selection process that favored only the most mobile, skilled, and dedicated hunters. This could help explain why megafauna extinction in North America was more rapid than in Europe, Asia, and Africa. secured them to the spear shaft.2 Early American points were probably too heavy, large, and ill-designed for arrow tips. Spears, thrust or thrown as a javelin, or darts-perhaps propelled by the atlatl-were the main tool of the hunt. Clovis points date back to 12,000 years ago and apparently evolved into the Folsom. The Folsom point dates from about 1 0,000-11,000 years ago and is much less widely dispersed than the Clovis. The Folsom point is more delicately made, with fine-edge flaking, and is associated with the hunting of the extinct Bison antiques. The Scottsbluff and several similar points date from about 9,000 years ago and are associated with the killing of the slightly smaller extinct Bison occidentalis. By 7,000-10,000 years ago, projectile points had been adapted to the killing of modern smaller game such as sheep, the so-called American bison, deer, and antelope. A primitive maize, perhaps in the early stages of domestication, has been dated by radiocarbon to around 5,000-6,000 years ago (Mangelsdorf and Smith 1949).
Until recently, the commonly accepted cause of late Pleistocene extinctions was climatic change and a reduction in grassland areas. This view probably still predominates. Thus, according to Guilday (1967, p. 121), "the fact that the late Pleistocene extinctions were so widespread and geographically almost simultaneous does call for a major overlying cause, however. I suggest that the prime mover was post-Pleistocene desiccation. Evidence for such an episode is present on all continents, and its effects would have been both swift and lethal. It may have been the spur to turn man from hunting to a life centered around animal husbandry and agriculture." This states the climatic as against the "overkill" extinction hypothesis. The desiccation referred to is associated with a drier climate following recession of the last great ice sheet.3 A variant of the climate hypothesis attributes extinction to the effect of more severe seasonal fluctuations (colder winters, warmer summers) on those mammals with longer gestation periods (Slaughter 1967 ). But here we have an identification problem, for it is the mammals with longer gestation periods, longer periods of maternal care, and longer lives that are most vulnerable to hunting pressure. 2Jelinek (1967, p. 196 ) notes the significance of this design technology for the hypothesis of a vulnerable fauna (mammoth): "Grinding would prevent the edges of the point from cutting the lashing that bound it to a shaft if the point was subjected to repeated lateral stress" as would occur "in a point on a thrusting spear or lance whose shaft remained in the hand of the hunter after it penetrated the animal-a technique that would be most effective against a relatively easy quarry and of little use against a skittish and fearful prey." 3 However, desiccation followed the three previous glaciation periods and in one instance was probably more severe. "Recent pollen evidence from western America seems to indicate that in at least some areas occupied by the extinct fauna the conditions following the retreat of an earlier glaciation (Illinoian) were probably more arid and as warm or warmer than at present. Thus conditions of temperature and aridity do not appear likely as direct causes of extinction" (Jelinek 1967, p. 194 Much of the earlier skepticism surrounding the "overkill" hypothesis stems from a disbelief (to some extent perhaps a romantic disbelief) in the ability of primitive men to accomplish, with primitive instruments, the destruction of such huge creatures, already the prey of the formidable saber-toothed tiger and dire wolf. Yet these men were not genetically, in terms of intelligence and skill capacity, that different from modern man. Also, modern studies of predation by the timber wolf on Isle Royale indicate that moose stock may be strengthened by the killing of old, weak, and diseased animals (Mech 1970) . The large kill sites of mammoth and bison suggest wastage-killing beyond immediate butchering requirements-so that there is some reason to believe that man was orders of magnitude more effective in predation than his animal competitors. Overfishing in historic times is well known. The demise of great whales (and recently the Alaskan king crab) is well known, and the capacity of man for wholesale rivalrous killing, even with the most primitive of weapons, is dramatically documented in the following Palo Alto Times (March 13, 1973) account:
In the course of a few hours early Sunday a shoal of 637 pilot whales were driven into a narrow fjord on the island of Vaga (Faeroe Islands, Denmark) by stone-throwing islanders in an armada of small boats. Then they were slaughtered with long spears and knives in a gruesome spectacle that has been part of Faeroese life for centuries. The whales churned their tails furiously in shallow water ... The shoal of whales was one of the biggest since more than 2000 pilot whales were killed in one day east of here 20 years ago.
Some time between 12,000 and 3,000 years ago the early Americans turned from an exclusively hunting and gathering culture to one based more and more on agriculture. I assume that men found it to their economic advantage to make this change. It is perhaps significant to the overkill hypothesis that man did not turn from big game to smaller game except as a supplement to agriculture, as a result of the large-animal extinctions. Even the plentiful American bison apparently was hunted only incidentally until after the introduction of riding horses by the 
A Model of the Primitive Hunter-Agrarian Economy
I have characterized the Paleo-Indian as a big-game hunter who turned to agriculture as his chief prey became extinct but whose descendants returned to a more nomadic hunting economy after the introduction of the riding horse. This stark representation will be stylized in an economic model of subsistence based on free-access hunting and/or agriculture in which the biomass of game is determined by biological growth considerations that are autonomous but are affected by the harvest product of the hunt.
Consider an economy of population n, each member of which is free to engage in hunting or agriculture7 as a productive activity. Hunting activity is applied to a single homogeneous species of biomass, M, such as mastodon, mammoth, or bison, and yields a per capita output of m per unit of time. Agricultural activity is applied to the production of a single homogeneous crop, such as corn or beans, and yields a per capita output of c per unit of time. Then H units of hunting labor per capita, and A units of agricultural labor per capita, are employed, with L = H + A, the total per capita labor available. The production function for corn is c = g(yA) and for meat m = f (fpH, Mln), in which it is assumed that increasing the stock of game and of hunters by the same proportion has no effect on the per capita output of meat. The parameters P and y are efficiency parameters for labor in hunting and farming, respectively. 
where r is a relative efficiency parameter, that is, the efficiency of labor in agriculture relative to hunting, and r/v is the real wage or the opportunity cost of hunting (the value of the corn forgone). Under these assumptions, (1) becomes
M'(t) = F(M) -M4[4(4-'1(r/v)]. (4)
At an equilibrium point, M*, 
M'(t) = F(M*) -M*0[0'(-l)(r/v)] = 0,

Comparative Statics of Hunting
The marginal effect of any of the parameters k, v, n, and /3 on equilibrium hunting effort, H*, and equilibrium biomass, M*, can be deduced by differentiating (3) and (7). By differentiating u* = y(L -H*) + (vM*1n)4(x*), the effect of such parameters on equilibrium per capita income can also be ascertained. In determining such effects, any factor which reduces the equilibrium stock of the resource may also, in the limiting case, produce extinction (see Gould [1972] Property rights, social or legal restrictions on individual harvesting, and the enculturation of conservationist behaviour have all been used extensively and ingeniously by primitive peoples at one time or another. However, the evidence is recent, for there appears to be no evidence to suppose that Paleolithic practices exhibited such sophistication. It is the hypothesis of this section that sometime after the extinction of the megafauna, human culture developed a sensitivity to the need to prevent overharvesting. Whether man as a superpredator was in fact the principal agent in the extinction of the large herbivores and their dependent carnivores and scavengers, it is plausible to assume that men saw parallels between hunting and the loss of the valued prey, from which arose oral and religious traditions, myths, and superstitions which had the effect and perhaps the intention of conserving common-property resources. At some point the ancestral message became a directive to "take sparingly of the bounty of nature."
and Clarke [1973] for analyses of extinction). From (7), it is clear that extinction of a species due to hunting pressure will occur if a(O; k) < 4)[4)'( ')(r/v)], that is
Heizer ( Constraints on harvesting from common-property lands took many forms. Great Lakes Indians stripped only a portion of the fiber off basswood trees in order that the wound would heal and the tree live. Vancouver Island Indians "never fully strip the bark from a cedar tree lest the tree die and its spirit curse the man who peeled the bark and he die also" (Heizer 1955, p. 4) . The Choctaw had laws regulating the game that could be killed by one family, with strict accounting by the captain of each band. The Kaska trap marten in a given area only every 2 or 3 years. The Iroquois spared the females of hunted species during the breeding season; the sparing of pregnant females was widespread. The Yurok had "game laws" the violation of which would cause loss of "hunting luck" (Heizer 1955, pp. 4-5) . The Naskapi of Labrador are cited as typical of numerous tribes that believe animals and plants were created to help man (Heizer 1955, p. 6). In return for killing an animal, the hunter must protect it from profane treatment, such as wasting the animal or letting dogs gnaw its bones, lest the animal take offense and spoil the success of the hunter. Certain species may be hunted by some tribes but avoided by others in the belief that the tribe's ancestry traces to such species. Many tribes believe that game is watched over by supernatural authorities who become angry with men if too many deer are killed or if they merely wound the animals (Heizer 1955, p. 7) .
Many more such examples could be cited, but evidence for conservationist ethics and institutions (defined as any set of strictures, laws, or practices which limit the harvesting of common-property resources) is widespread among primitive peoples in historic or near historic times. Such primitive practices may appear to be exceedingly crude rationing devices. But every efficient price system has its dual equivalent quota system, and modern legislators no less than primitive peoples find it more natural to think in terms of quota restrictions on external effects than in terms of prices.
Among primitive peoples who have invented property-right systems, there are instances of sophistication that would rival the modern property deed. Thus, among the Karok private ownership of a particular fishing ground did not mean owning the land along the river but owning the right to fish a given stretch of the river regardless of who owned the land (Kroeber and Barrett 1960, pp. 3-4) . A fishing right might entitle the owner to use the spot every third night and day, with the right transferable by sale or inheritance. Similarly, the right to hunt or share in the hunting of sea lions on a particular rock was owned, and each person on a particular stretch of coast had rights to some cut of a beached whale, with residents of other areas denied such rights except by inheritance or purchase (Kroeber and Barrett 1960, p. 115).
The possibility of the existence of property rights or quota regulations governing hunted resources raises the issue of optimal versus free-access harvesting of species. In the following analysis, the assumptions of the previous simple model of production from a common-property hunted resource and an appropriated agricultural resource will be used to state an optimal control model. Primarily, the model will be used to study the conditions for optimal versus free-access species extinction.
If 3 is the time preference discount rate for an individual and we assume that instantaneous utility, u = c(t) + vm(t), is additive over time, then total welfare for the economy is figure 3 . However, the concept of "high" or "low" impatience must be measured relative to the biotic growth potential of the hunted species. Using the simple parameterization F(M) = kG (M), a relatively high (low) impatience economy is defined by 6/k > G' (6/k < Go). If Fo = kG' is finite for any given species, it is clear that there always exists a cultural impatience rate, 6, high enough that it may be optimal tQ harvest the species to extinction. The optimal stationary-state animal stock is smaller (and the prospect of extinction greater) the lower the biotic potential of the species, the lower the efficiency of labor in agriculture relative to hunting, the higher the cultural value placed on meat, and the higher the culture's preference for present over future consumption. Certain features of the prey stock may affect both r and k. Thus, if larger animals have a lower biotic potential and are easier to hunt, this implies lower r and lower k, yielding a magnified decrease in M**. These results and the similar conclusions of Section 4 for free-access hunting do not provide any new evidence on the causes of Pleistocene extinction. They are offered in an attempt to demonstrate the use of a coherent economic framework for the study and evaluation of extinction or other hypotheses concerning the primitive hunter culture.9 It is hoped that the framework of this paper will enhance the possibility of a more comprehensive evaluation of the limited qualitative cross-cultural, chronological, and regional data on hunting-gathering-agricultural activities in primitive societies. 
